The CM2 carbonaceous chondrite LON 94101 contains aragonite and two generations of calcite that provide snapshots of the chemical and isotopic evolution of aqueous solutions during parent body alteration. Aragonite was the first carbonate to crystallize. It is rare, heterogeneously distributed within the meteorite matrix, and its mean oxygen isotope values are d 17 O values. The aragonite and equant calcite crystallized over a relatively brief period early in the aqueous alteration history of the parent body, and from static fluids that were evolving chemically in response to mineral dissolution and precipitation. The second calcite generation crystallized from solutions of a lower D 17 O, and a lower d 18 O and/or higher temperature. As two generations of calcite whose petrographic characteristics and oxygen isotopic compositions are similar to those in LON 94101 occur in at least one other CM2, multiphase carbonate mineralisation could be the typical outcome of the sequence of chemical reactions during parent body aqueous alteration. It is equally possible however that the second generation of calcite formed in response to an event such as impact fracturing and concomitant fluid mobilisation that affected a large region of the common parent body of several CM2 meteorites. These findings show that integrated petrographic, chemical and isotopic studies can provide new insights into the mechanisms of parent body alteration including the spatial and temporal dynamics of the aqueous system.
INTRODUCTION
The CM carbonaceous chondrites contain minerals including phyllosilicates and carbonates that formed by parent body aqueous alteration (DuFresne and Anders, 1962) . The liquid water must have been generated by melting of H 2 O ice accompanying heating of the parent body, but the mechanisms by which aqueous fluids interacted with primary anhydrous minerals to form the alteration products remain controversial. A key question is whether aqueous solutions were chemically closed or open on length scales greater than that of a meteorite (i.e. >$1 m). The closed system models (e.g. DuFresne and Anders, 1962; Clayton and Mayeda, 1999; Rubin et al., 2007) require that fluids were essentially static, probably owing to the very low permeability of parent body interiors (Bland et al., 2009 ). These models are consistent with the unfractionated bulk chemical compositions of carbonaceous chondrites, and interpretations of oxygen isotope analysis of bulk meteorites and their components (e.g. DuFresne and Anders, 1962; Mayeda, 1984, 1999) . However, the oxygen isotope evidence can also support models that posit a chemically open system with fluid flow (Young et al., 1999; Young, 2001) , and they are supported by numerical simulations of parent body evolution (e.g. Young et al., 2003; Travis and Schubert, 2005; Palguta et al., 2010) . Determining which of these models best describes water-mediated alteration of parent body interiors is very important for our understanding of the chronology and drivers of early solar system processes, and the present-day internal structure and composition of asteroids and comets.
As a means of obtaining evidence to help discriminate between closed and open system models, we have sought to understand better the dynamics of the aqueous system on both intra-and inter-meteorite length scales. Our work has focused on carbonates because their mineralogy and chemistry provides a record of the major and trace element composition, pH and Eh of ambient solutions (e.g. Johnson and Prinz, 1993; Riciputi et al., 1994; Brearley, 1998) , and their oxygen isotope ratios contain information on the temperature and provenance of the fluids (Benedix et al., 2003; Guo and Eiler, 2007; Tyra et al., 2007 Tyra et al., , 2012 . Grain microstructures can also reveal the intensity of parent body deformation during and after aqueous alteration (Lee and Ellen, 2008; Lindgren et al., 2011) . As carbonate crystallization ages can be determined using the 53 Mn- 53 Cr system Hutcheon, 2000, 2002; Brearley et al., 2001; de Leuw et al., 2009; Fujiya et al., 2012; Lee et al., 2012) , the information on fluid evolution and parent body stress histories that these minerals provide can be interpreted within the framework of an absolute chronology.
Early studies of CM carbonates found limited mineralogical and chemical variations within and between meteorites (Johnson and Prinz, 1993; Riciputi et al., 1994) , which would be consistent with a brief episode of crystal growth within a system that was chemically closed on length scales greater than that of a meteorite. However, subsequent petrographic, mineralogical and chemical studies have described multiple generations of carbonates within individual meteorites, and mineralisation histories that differ greatly between CMs. These findings point towards an aqueous system that was temporally dynamic and spatially variable (Benedix et al., 2003; Rubin et al., 2007; Lee and Ellen, 2008; de Leuw et al., 2010; Lindgren et al., 2011 Lindgren et al., , 2012 Lee et al., 2012) . Most recently Tyra et al. (2012) described two generations of pre-terrestrial calcite in the paired Antarctic meteorites EET 96006, EET 96016, EET 96017, EET 96019 (hereafter 'EET 96006-paired') that differ in their petrographic characteristics and oxygen isotope values. They concluded that the two generations had crystallized at different times from a fluid that was becoming isotopically lighter as it acquired 16 O by reaction with primary anhydrous silicates. Tyra et al. (2012) further suggested that isotopically distinct carbonate generations may be present in other CM2 meteorites. If this hypothesis of episodic carbonate mineralisation throughout the CM2 parent body or bodies can be confirmed, it has important implications for our understanding of the interconnectivity of the aqueous system and drivers of fluid evolution.
Lonewolf Nunataks (LON) 94101 is an Antarctic CM2 find that contains two petrographically distinct generations of calcite together with grains of aragonite that are up to 100 lm in size and so are much coarser than those in most other CM2s (Lee and Ellen, 2008) . As the relative ages of the two calcite generations have been previously determined , LON 94101 provides an opportunity to ask whether their direction of oxygen isotope evolution described by Tyra et al. (2012) electron imaging and X-ray microanalysis. In addition to understanding the relative chronology and length scale of the isotopic evolution of parent body solutions, this study has also sought to discover the provenance of the calcium and bicarbonate ions that formed the calcite, and the reasons why Ca-carbonate crystallized in three discrete episodes.
MATERIALS AND METHODS

Petrographic and mineralogical characterisation of LON 94101
LON 94101 is a 2804.6 g CM2 carbonaceous chondrite that was recovered by the US Antarctic Search for Meteorites program (ANSMET) in 1994. The meteorite has a moderate weathering grade (Be) and contains abundant fractures (fracturing category C) (AMN 18(2), 1995) . Using the scheme of Rubin et al. (2007) , LON 94101 can be classified as a CM 2.2-2.3. For this study one polished thin section was used (LON 94101, 50) , and the rock slice is roughly rectangular in shape .
Following coating with carbon, the thin section was studied by backscattered electron (BSE) imaging and energy-dispersive X-ray (EDX) mapping using a FEI Quanta 200F field-emission scanning electron microscope (SEM) equipped with an EDAX Genesis microanalysis system and a KE Developments cathodoluminescence (CL) detector. The SEM was operated at high vacuum, with an accelerating voltage of 20 kV, and a relatively high beam current (current is not quantified on this instrument). The abundances of various constituents of the meteorite (i.e. carbonate grains, matrix, chondrules, etc.) were determined by SEM point counting, whereby the sample is systematically traversed (using the frame-by-frame stage movement function), and the material in the center of the field of view after each stage movement is identified. Carbonate grains are described with reference to their size (expressed as the longest dimension), and their shape. LON 94101 contains both aragonite and calcite, and these two Ca-carbonate polymorphs were distinguished using a Renishaw inVia Raman microscope operated with a 514 nm laser that has a spot size of $1 lm. The dominant Raman band of both minerals is at $1085 cm
À1
, which is due to the symmetric stretching (m 1 ) vibration of CO 3 2À . However, as the two minerals differ in their crystal structure, they can be distinguished using the position of some of their minor Raman bands. Aragonite has minor bands at $207 and 704 cm
, and calcite at $282 and 713 cm À1 (White, 2009 ).
X-ray microanalysis
The chemical compositions of Ca-carbonate grains were quantified by electron probe microanalysis (EPMA) using a five spectrometer Cameca SX100 instrument at the University of Edinburgh. It was operated at 15 kV/3 nA for determination of Ca and 15 kV/20 nA for Na, Mg, Mn, Fe and Sr; the spot size was $5 lm. Calibration used the following standards: jadeite (Na), spinel (Mg), calcite (Ca), Mn metal (Mn), fayalite (Fe) and celestite (Sr). Average detection limits were 0.01 wt% Mg, 0.04 wt% Na, Fe and Sr, and 0.05 wt% Mn. Datapoints with anomalously high Mg and/or Fe concentrations were discarded as they likely reflect contamination of the analysed volume by phyllosilicates. This filtering could have been undertaken with more confidence if Si was also analysed for, but this was not attempted owing to contamination of Ca-carbonate grains by colloidal silica, which had been used to polish them for earlier Electron Backscatter Diffraction (EBSD) work .
The calcite grains are frequently associated with patches of intergrown serpentine and tochilinite, whose compositions were also determined by EPMA. Two conditions were used in each analysis (both with a spot size of $5 lm): 15 kV/2 nA (for Na, Mg Al, Si, Ca, Fe) and 15 kV/20 nA (for P, S, K, Ti, Cr, Mn, Ni). Calibration used the following standards: jadeite (Na), spinel (Mg, Al), wollastonite (Si, Ca), apatite (P), pyrite (S), orthoclase (K), rutile (Ti), Cr metal (Cr), Mn metal (Mn), fayalite (Fe) and Ni metal (Ni). Average detection limits were: 0.01 wt% K, 0.02 wt% P and Ti, 0.03 wt% S, 0.04 wt% Cr, 0.05 wt% Mg and Ni, 0.06 wt% Na, 0.07 wt% Al and Ca, 0.10 wt% Si, 0.13 wt% Mn and 0.19 wt% Fe.
Determination of oxygen isotope compositions by NanoSIMS
Oxygen isotope analyses were obtained from grains of calcite and aragonite using a NanoSIMS 50L at the Open University, UK. These analyses were performed in 'spot' mode, whereby the focussed primary beam was rastered over a small area and the total ion signal integrated. A Cs + ion beam with a current of $30 pA ($60 pA for presputter) was used, with 16 O were also measured on electron multipliers to monitor relative mineral compositions. The mass resolving power was set to >10,000 (Cameca NanoSIMS definition, based on the measured peak width containing 80% of the ion beam), which was sufficient to resolve the interference of 16 OH on the 17 O peak. Charge compensation was applied using the electron gun. Areas for analysis were 5 Â 5 lm, with a larger area for pre-sputter (7 Â 7 lm) in order to implant Cs ions evenly and reach sputter equilibrium across the area to be analysed. 
RESULTS
Petrography of LON 94101
The thin section studied is unbrecciated and lacks clasts, although other samples of the LON 94101 meteorite contain clasts of a variety of petrologic types (Lindgren et al., 2013) . It is composed of chondrules with fine-grained rims that are supported within a fine-grained matrix. SEM point counting shows that Ca-carbonate comprises 1.3 vol.% of the thin section, and four petrographically distinct varieties have been identified: (i) grains of aragonite within the matrix, (ii) equant grains of calcite within the matrix, (iii) a millimetre-sized calcite vein that cross-cuts the matrix, and (iv) micropore-rich calcite intergrown with anhydrous silicate grains that are present in the matrix and within chondrules. The carbonates are not distributed uniformly, and two regions of the thin section can be identified. In the 'AEC-rich' region aragonite and equant calcite grains are abundant, whereas in the 'AEC-poor' region they are rare (Fig. 1 ). These two regions can be readily identified on a Ca X-ray map despite their gradational boundaries (Fig. 1b) , but no clear differences between them are apparent in BSE images (Fig. 1a) . The calcite vein occurs at the boundary between the two regions, and the largest calcite-bearing chondrules are found in the AECpoor part (Fig. 1b) . The four varieties of carbonates are described below in order of their inferred sequence of crystallization.z
Aragonite grains
Twenty nine grains of aragonite were identified in the meteorite matrix. The thin section has an overall aragonite abundance of 0.21 grains mm À2 , although only 3 grains occur in the AEC-poor region (Fig. 1c) . The aragonite grains range in size from 5 to 100 lm (mean of 29 lm). All of them have pores along their contact with the matrix and many also contain irregular intracrystalline pores and fractures ( Fig. 2a and b Table 2 ).
Equant calcite grains
Equant calcite is the most abundant of the four varieties of Ca-carbonate, although grains are heterogeneously distributed and scarce in the AEC-poor region (Fig. 1b) . The twenty five grains measured range in size from 9 to 51 lm, with a mean of 26 lm. They are monocrystalline or coarsely polycrystalline, and many of the equant grains are cross-cut by parallel sets of closely spaced narrow pores that are sometimes present in two orientations. The angles between these pores suggest that some lie along {1 0 1 4} cleavages ( Fig. 3a) whereas others are more likely to be coincident with { 1 0 1 8} e-twin composition planes (Fig. 3b) . Some of the grains display a concentric zoning in SEM-CL images, and the pattern of zoning indicates that they formed by crystals growing towards the center of a pore from its margins. The equant calcite has a mean chemical composition of Ca 99.30 Mg 0.01 Fe 0.68 CO 3 (n = 9, Table 1 ) and mean oxygen isotope values of d 18 O 37.5 ± 0.7&, D 17 O 1.4 ± 1.1& (1r) (n = 7, Table 2 ).
All of the equant calcite grains have rims and inclusions of finely crystalline fibrous minerals ( Fig. 3a-d ) that contain O, Mg, Si, S, Fe and Ni. This habit and composition is consistent with Fe-rich serpentine intergrown with tochilinite (previously termed 'PCP'). The rims are $1.5 lm in width, and selvages of the same material may cross-cut grains and to divide them into several 'cells' (Fig. 3c ).
The inclusions occur as fibres less than $2 lm in length, and $1.5-2.0 lm diameter radial-fibrous aggregates (Fig. 3b ). Where they are more abundant the inclusions merge to make tens of micrometre sized areas that have a ragged interface with calcite ( Fig. 3b and c) . Intergrown serpentine and tochilinite also occurs in the meteorite matrix as patches that are calcite-free but comparable in size and shape to the equant grains ( Fig. 3d and e) . The serpentine and tochilinite patches are comparable in chemical composition to 'PCP' from other CM2 carbonaceous chondrites (Table 3) .
Vein calcite
The vein is $1 mm in length by 0.05-0.25 mm in width and is located to one side of the AEC-poor region (Figs. 1b and 4) . Its calcite is inclusion-free, in direct contact with the meteorite matrix (i.e. it lacks the serpentinetochilinite rims that characterise equant calcite grains) (Fig. 4a) , and contains abundant e-twins and subgrains Table 2 ).
Micropore-rich calcite
This calcite is characterised by irregular micropores that range from $1 to 25 lm in diameter, and <$0.2 to $2.5 lm sized pentlandite inclusions, but it lacks the serpentinetochilinite rims and inclusions that are typical of equant calcite (Fig. 5) . Small grains of micropore-rich calcite occur in the meteorite matrix, where they are intergrown with or rimmed by olivine or pyroxene (Fig. 5a ). The largest volumes of micropore-rich calcite occur within chondrules, and the proportion of a chondrule that it occupies varies significantly so that in some of them little or none of the original silicates remain (Fig. 5b) . Calcite-bearing chondules are most abundant in the AEC-poor region (Fig. 1b ). An X-ray map shows that vein calcite is continuous with micropore-rich calcite in an adjacent chondrule (Fig. 4c ) so that calcite in these two contexts must have crystallized at the same time. Owing to the high density of micropores and inclusions, only one reliable chemical analysis of micropore-rich calcite could be obtained (Table 1) , and Nano-SIMS work was not attempted.
DISCUSSION
Sequence of carbonate mineralisation
LON 94101 contains three generations of Ca-carbonate: aragonite, equant calcite, and vein plus micropore-rich calcite. As cross-cutting relationships between carbonate generations have not been observed, their relative timing of crystallization cannot be determined using petrographic criteria. However, the equant calcite has been partially replaced by serpentine and tochilinite, whereas the vein and micropore-rich calcite has not. This suggests that the equant calcite crystallized prior to the serpentine and tochil- inite, and the vein and micropore-rich calcite formed afterwards. By the same reasoning the lack of evidence for replacement of aragonite by serpentine and tochilinite could indicate that aragonite postdated one or both generations of calcite. However, this could also be explained by aragonite being less soluble than calcite during serpentine and tochilinite crystallization. Barber (1981) and Lee and Ellen (2008) suggested that aragonite postdated calcite in the CM2s Murchison and Murray respectively, whereas Sofe (2013) examined intergrowths of the two minerals in Murchison and concluded that aragonite crystallized first. The relative timing suggested by Sofe (2013) would be consistent with Ostwald's rule, which states that where two or more polymorphs of a compound are capable of crystallizing from a supersaturated solution, there is a tendency for the least stable polymorph to crystallize first, followed by polymorphs of greater stability (Threlfall, 2003) . At the relatively low Ts and pressures of a parent body interior during aqueous alteration (<$10 MPa and <$35°C; Zolensky et al., 1993) , calcite is the stable polymorph of CaCO 3 (Redfern et al., 1989) , and so Ostwald's rule predicts that aragonite is likely to have formed before calcite. Therefore, in the following discussion we assume that the LON 940101 Ca-carbonates formed in the order of: (1) aragonite, (2) equant calcite, (3) vein plus micropore-rich calcite.
Crystallization of aragonite
Aragonite has been recorded from the CM2s Cold Bokkeveld, Cochabamba, Murchison and Murray (Mü ller et al., 1979; Barber, 1981; Lee and Ellen, 2008) , and so LON 94101 is the first aragonite-bearing Antarctic find. As noted above, calcite is the thermodynamically stable polymorph of Ca-carbonate during parent body aqueous alteration, and so the presence of aragonite in LON 94101 and other CM2s is unexpected. However, aragonite forms abiologically from terrestrial seawater, despite calcite again being the stable polymorph. Results of empirical and experimental studies have demonstrated that the polymorph of CaCO 3 that crystallizes from solutions of a seawater composition is controlled principally by their temperature and Mg/Ca ratio (Hardie, 1996; Morse et al., 1997; Balthasar et al., 2011) . These findings predict that at the temperatures of CM2 aqueous alteration ($20-35°C; Guo and Eiler, 2007) , aragonite will form in preference to calcite where solution Mg/Ca is >$0.5-1.0. Experiments using sulphate-free solutions at 21°C have found that aragonite is the dominant of the two polymorphs where Mg/Ca is greater than $0.6-0.7, and the only carbonate to crystallize where Mg/Ca is >$1.7 (Bots et al., 2011) . The possibility that Mg/Ca ratio controlled the polymorph of Ca-carbonate that crystallized in parent body interiors can be tested by determining the Mg/Ca ratio of solutions that would have been in equilibrium with the three LON 94101 Ca-carbonate generations. The experimentally determined partition coefficients of Mg (D Mg ) into aragonite and calcite are both temperature dependent, and so here we have used values over the range of 25-35°C. At these temperatures D Mg for aragonite ranges from 0.0013 to 0.0010 (Gaetani and Cohen, 2006) and D Mg for calcite from $0.01 to 0.04 (Huang and Fairchild, 2001 ). The molar Mg/ Ca ratios of LON 94101 aragonite, equant calcite, and vein and micropore-rich calcite are listed in Table 1 along with the estimated molar Mg/Ca values for parent body solutions in equilibrium with each carbonate generation. Thus, solutions in equilibrium with aragonite had a molar Mg/Ca ratio of $1.0-1.3 whereas those in equilibrium with the two calcite generations had Mg/Ca values an order of magnitude lower (Table 1) . These results are consistent with Mg/Ca strongly influencing the mineralogy of Ca-carbonate that formed in LON 94101, despite the chemical composition, Eh and pH of parent body fluids (e.g. Zolensky et al., 1993; Riciputi et al., 1994; Guo and Eiler, 2007) being very different to the seawater solutions used in previous studies of Ca-carbonate polymorphism.
If aragonite predated both generations of calcite, solution Mg/Ca must have fallen abruptly after it had formed and remained low. However, in a chemically closed system and without any other competing reactions, the precipitation of Mg-poor Ca-carbonates will raise solution Mg/Ca. Thus, another reaction must have removed Mg from solution in preference to Ca after aragonite had crystallized, and the most likely one is the precipitation of Mg-serpentine, Mg 3 Si 2 O 5 (OH) 4 , which is abundant in the meteorite matrix (e.g. Barber, 1981) .
Precipitation and replacement of equant calcite
Equant grains of calcite are a ubiquitous albeit volumetrically minor constituent of the CM2 meteorites (e.g. Fuchs et al., 1973; Brearley, 1998; Benedix et al., 2003; Lee and Ellen, 2008; de Leuw et al., 2010; Tyra et al., 2012) . The Ca for calcite (and aragonite) may have been derived from chondrule mesostases (Brearley, 2006) , and this suggestion is supported by the observation that mesostases in the least altered CM2s, for example QUE 97990 (CM2.6; Rubin et al., 2007) , retain Ca-silicates including diopside (Maeda et al., 2009) . CO 2 for the Ca-carbonates was most likely derived from oxidation of organic matter, and from accreted CO 2 , CH 4 , CH 3 OH ices (Alexander et al., 2013) . The SEM-CL zoning of some grains indicates that the trace element concentrations of ambient solutions varied during crystal growth, although the identity of cathodoluminescence the activator(s) in carbonaceous chondrite calcite remains to be determined (Lee and Ellen, 2008) . Those grains that are apparently unzoned are interpreted to have grown more rapidly than the rate of change in solution chemistry.
Equant calcite grains in many CM2s in addition to LON 94101 have a narrow rim of serpentine and tochilinite (Browning and Bourcier, 1998; Lee and Ellen, 2008; Leuw et al., 2010) . Petrographic relationships between these minerals suggest that serpentine and tochilinite rims and inclusions formed by replacement of calcite (Fig. 3a-c ).
An alternative explanation for these intergrowths is that calcite has partially replaced patches of serpentine and tochilinite. However, this possibility is considered unlikely because the pattern of SEM-CL zoning is consistent with formation of equant grains by cementation of fluid-filled pores, and it is difficult to account for why calcite would commonly stop short of completely replacing the serpentine and tochilinite to leave a thin rim remaining (e.g. Fig. 3a) . Many of the patches of serpentine and tochilinite lack calcite inclusions (Fig. 3d and e) . Some of these patches, and in particular those with angular outlines and cell-like internal divisions (Fig. 3d) , are interpreted to be pseudomorphs of equant calcite grains. As the abundance of angular serpentine-tochilinite patches can attain tens of vol.% (Fig. 3e) , a significant quantity of equant calcite may have been lost from LON 94101 by replacement. Browning and Bourcier (1998) proposed the following reaction for replacement of calcite by serpentine and tochilinite:
These reactions will enrich aqueous solutions in Ca and HCO 3 À , which may have contributed to formation of the second calcite generation in LON 94101, as discussed below. Models of the aqueous alteration of CM2 carbonaceous chondrites suggest that Fe-rich serpentine and tochilinite would have formed early and following the liberation of S, Si and Fe from sulphides and Fa-rich olivine (Tomeoka and Buseck, 1985) . As these minerals postdate equant calcite (and so also aragonite), the first two generations of LON 94101 Ca-carbonate must have formed during even earlier stages of water-rock interaction.
Vein and micropore-rich calcite
The petrographic relationships between vein and micropore-rich calcite show that they formed during the same episode of Ca-carbonate mineralisation (Fig. 4c) . A genetic link is also supported by the occurrence of the vein on the edge of the AEC-poor region, within which calcite-bearing chondrules are abundant (Fig. 1b and c) . As vein calcite is free of matrix inclusions, it is interpreted to have formed Rubin et al. 2007 ), which has a comparable degree of aqueous alteration to LON 94101. Fig. 4 . BSE image (a) and X-ray maps (b) and (c) of the area on the edge of the AEC-poor region that contains the calcite vein (V). The vein is oriented NE-SW, and just beneath it is a chondrule that has been partially replaced by calcite, and whose edges are delineated by a dashed white line. In the Mg K a map (b) grains of olivine/ pyroxene are white, matrix and mesostasis phyllosilicates are midgrey and vein (V) and chondrule calcite is black. The map demonstrates that the chondrule has been only partially altered so that it retains some of its original anhydrous silicates. The Ca K a X-ray map (c) shows that vein calcite (white) is connected to chondrule calcite by two narrow veins (arrowed).
by cementation of a fluid-filled fracture . By contrast, the intergrowth of micropore-rich calcite with anhydrous ferromagnesian silicates is consistent with a replacive origin, and the micropores that characterise this calcite are typical of the products of dissolution-reprecipitation reactions in a wide variety of mineral systems (Putnis, 2002; Parsons and Lee, 2009 ). Micropore-rich calcite containing micrometre-sized inclusions of pentlandite has also been interpreted to have formed by replacement of chondrules in the CM2 meteorites Cold Bokkeveld (Lee, 1993) , ALH 81002 (Hanowski and Brearley, 2001) , and EET 96006-paired (the 'Type 2' calcite of Tyra et al., 2012) . The replacement of anhydrous silicates by calcite is termed carbonation, and this reaction has been studied extensively with regards to developing strategies for the long-term storage of terrestrial CO 2 (e.g. Matter and Kelemen, 2009; Kelemen et al., 2011) . Carbonation of CM2 chondrules might be expected to yield a Mg-and Fe-bearing carbonate given that it has replaced ferromagnesian silicates, yet the micropore-rich calcite is compositionally near-pure (i.e. Ca 99.5 Fe 0.5 CO 3 ; Table 1 ). This contradiction was also noted in an experimental study of olivine carbonation by Hö velmann et al. (2011) , and they concluded that the crystallization of magnesite (MgCO 3 ) had been kinetically inhibited relative to calcite owing to the hydration of Mg 2+ ions. In these experiments carbonic acid (H 2 CO 3 ) reacted with olivine to consume protons, and as bicarbonate activity increased the Ca-rich fluid at the dissolving olivine surface became supersaturated with respect to calcite (Eq. (3), modified from Hö velmann et al., 2011) .
This reaction requires a sink for Mg, Fe and SiO 2 . The presence of pentlandite within the micropore-rich calcite suggests that a proportion of the Fe liberated during replacement combined with S that was also in solution (not included in Eq. (3)) to precipitate the sulphide. Alternatively both the S and Fe may have been derived from opaque inclusions. Mg must have been exported from the reaction site along with Si, and these elements could then have been available for crystallization of other minerals elsewhere in the meteorite.
Carbonation of the LON 94101 ferromagnesian silicates requires introduction of CO 2 and some or all of the Ca required to form calcite. It is likely that by the time of vein and micropore-rich calcite formation the most soluble Ca-rich silicates (e.g. chondrule mesostases) had been aqueously altered. Ca could have been derived locally from a non-silicate source, or introduced from another parent body region. A suitable local source of Ca would have been the congruent dissolution of aragonite and replacement of equant calcite (e.g. Eqs. (1) and (2)), and this hypothesis is consistent with the scarcity of both generations of Ca-carbonate in the AEC-poor region of the thin section, which contains the vein and calcitized chondrules (Fig. 1b  and c) . Dissolution and replacement of aragonite and equant calcite, and later reprecipitation of micropore-rich calcite, may have been focused in one part of LON 94101 because the fracture (which was subsequently mineralised to form the vein) served as a reservoir or conduit for aqueous solutions. In this scenario, LON 94101 must have been fractured after the formation of aragonite and equant calcite, but before completion of serpentine and tochilinite precipitation. In common with Ca, much of the CO 2 required for carbonation could have been sourced locally by dissolution and replacement of aragonite and equant calcite (e.g. Eqs. (1) and (2)). The other possibility is that Ca and CO 2 were introduced into LON 94101 via fluid sourced from another part of the parent body, and the vein may be a vestige of the conduit. Oxygen isotopic data may provide further insight into the provenance of solutions from which the three Ca-carbonate generations crystallized. 
Oxygen isotopic evolution of parent body solutions
The bulk oxygen isotopic composition of Ca-carbonates in the CM2 meteorites has been reported by Grady et al. (1988 Brearley et al. (1999; Murchison) , Bonal et al. (2010; Murchison) , Tyra et al. (2012; EET 96006-paired) and Jenniskens et al. (2012; Sutter's Mill) . The bulk analyses yield data with a high precision but will average the compositions of isotopically distinct generations of Ca-carbonate if present, whereas the ion microprobe analyses can be targeted to preselected generations of grains, or even parts of a single grain, but are less precise. Here we present the first analyses of the oxygen isotope composition of aragonite in any meteorite, although as this mineral occurs in many CM2s, albeit in low abundance , oxygen isotope analyses of bulk samples will have contained contributions from both of the Ca-carbonate polymorphs. It is also possible that a proportion of the Ca-carbonate grains that were analysed in previous ion microprobe studies were aragonite rather than calcite because techniques to distinguish the two polymorphs were not used in some of those studies. Before discussing the LON 94101 data (Fig. 6 ), existing models of the oxygen isotope evolution of parent body fluids are reviewed.
Results from the previous three-isotope ion microprobe studies show that the populations of Ca-carbonate grains within individual CMs have a range of d
18 O values and the array lies close and near-parallel to the slope 0.52 TFL on a plot of d 17 O against d 18 O (Fig. 7) . The bulk oxygen isotope values of Ca-carbonate in different CM meteorites also has a significant range and again defines a trend line near to the TFL (Benedix et al., 2003) (Fig. 7) Mayeda, 1984, 1999 O. The array of oxygen isotope values of Ca-carbonate grains could also be interpreted to indicate that they crystallized from solutions that were flowing along a temperature gradient (e.g. Young et al., 1999) . In this case the array should have a slope of $0.52 in a three-isotope plot, but the model of Young et al. (1999) 18 O of 39.9 ± 0.6& (1r) vs 37.5 ± 0.7& (1r) respectively (Fig. 6) . This difference in d
18 O may be largely due to contrasting fractionation factors of the two minerals. If they had crystallized in equilibrium with a solution of the same oxygen isotopic value and temperature, aragonite would have been enriched in 18 O relative to calcite by $0.8& (Kim et al., 2007) . Thus although the aragonite and equant calcite are likely to have precipitated from a solution whose oxygen isotopic composition and temperature had remained relatively unchanged, its Mg/Ca ratio had fallen in response to withdrawal of Mg from solution in preference to Ca, for example by crystallization of Mg-serpentine.
Equant, vein and micropore-rich calcite
The system two-reservoir model). A proportion of the difference in the oxygen isotopic compositions of the two generations of calcite could also be due to a contrast in fluid temperature. However, in order to account for all of the change in d
18 O between equant and vein calcite (i.e. a fall from a mean of 37.5 ± 0.7& to 18.4 ± 0.3&) the solutions in equilibrium with vein calcite would need to have been substantially hotter. As the oxygen isotope composition of parent body solutions in equilibrium with equant and vein calcite are unknown, their temperatures cannot be determined. Therefore, the LON 94101 calcite oxygen isotope data do not definitively identify the processes by which fluids evolved between crystallization of equant and vein plus micropore-rich calcite. The various possibilities may be evaluated further by comparison with conclusions from the previous three-isotope studies.
From determinations of the bulk oxygen isotopic composition of calcite in the CM2s Murchison, Murray, Mighei, Nogoya and Cold Bokkeveld, Benedix et al. (2003) demonstrated an inverse correlation between the meteorite's degree of aqueous alteration (as quantified using the Mineral Alteration Index, MAI), and D 17 O (i.e. the more highly altered CM2s had a lower D 17 O value; Fig. 7 ). Although these results were consistent with two-component mixing within static fluids Mayeda (1984, 1999) , Benedix et al. (2003) showed that the fluid flow model of Young et al. (1999) (Fig. 7) . Their Type 1 calcite is petrographically equivalent to the LON 94101 equant calcite grains whereas the EET 96006-paired Type 2 calcite has replaced chondrules, and so is petrographically comparable to the LON 94101 micropore-rich calcite. Drawing on the twocomponent mixing interpretation of the whole rock carbonate results in Benedix et al. (2003) , Tyra et al. (2012) concluded that their Type 1 calcite had formed first and in equilibrium with aqueous solutions that had undergone less interaction with primary anhydrous silicates than the more evolved solutions from which the Type 2 calcite precipitated. Jenniskens et al. (2012) Tyra et al. (2012) , and although two populations may be present, the division between them is less distinct than for LON 94101 or EET 96006-paired (Fig. 7) . Jenniskens et al. (2012) and Kohl et al. (2013) This isotopic evolution is broadly consistent with the two-component mixing model, but the question of the provenance of the solutions remains unanswered. The fluids from which the carbonates formed could have changed chemically, isotopically and thermally in situ, or the vein and micropore-rich calcite may have crystallized from isotopically more evolved and/ or hotter fluids that were introduced into LON 94101 from another region of the parent body. The latter possibility is here considered more likely because the mineralised fracture is located on the edge of an area of LON 94101 that is depleted in equant calcite and aragonite, and contains the largest calcitized chondrules. Thus, after crystallization of aragonite and equant calcite we suggest that fractures developed, which enabled a new pulse of solutions to enter LON 94101 (Fig. 8) . These fluids locally enhanced the ongoing replacement of equant calcite by serpentine and tochilinite (to make the AEC poor region), and mediated crystallization of the second calcite generation. Although the region of the parent body from where LON 94101 was derived had a locally high permeability along fractures, the matrix permeability was probably very low (Bland et al., 2009) , so that once the new solutions entered LON 94101 they remained localised. This model is consistent with suggestions by Tyra et al. (2012) and Rubin (2012) that episodic parent body aqueous activity may have been impact-related, and the mineralised fracture confirms that LON 94101 experienced extensional stress prior to formation of the second calcite generation. Tyra et al. (2012) suggested that the Type 2 calcite in EET 96006-paired could have crystallized in response to the degassing of CO 2 from solution following a sudden pressure release, and the same process could also account for the formation of vein and micropore-rich calcite in LON 94101.
CONCLUSIONS
Ca-carbonate minerals in LON 94101 provide three snapshots of the evolution of parent body aqueous solutions (Fig. 8) . Grains of aragonite and equant calcite formed first by cementation of tens of micrometre-sized pores. They crystallized in equilibrium with solutions of a similar oxygen isotopic composition and temperature, although different Mg/Ca ratio (Fig. 8) . Therefore these two Ca-carbonate minerals are likely to have formed over a short time period early in the aqueous alteration history of LON 94101 whilst fluids were evolving in response to precipitation of minerals including Mg-serpentine. Subsequently a new pulse of solutions with lower D
O, d
17 O and d
18 O values, and possibly also a higher temperature, entered LON 94101 via a fracture network. These solutions mediated the congruent and incongruent dissolution of aragonite and equant calcite, and then crystallization of calcite within an open fracture (to form the calcite vein) and by replacement (i.e. carbonation) of silicate minerals (Fig. 8) .
Isotopically distinct generations of calcite have been described from EET 96006-paired, Sutter's Mill and LON 94101 (Fig. 7) , supporting the prediction by Tyra et al. (2012) 18 O, and we suggest that the second and isotopically lighter generation of calcite could have formed in response to an event such as an impact that mobilised aqueous solutions throughout a substantial (tens of metre sized or more) region of a common parent body. This hypothesis needs to be tested by further integrated petrographic, mineralogical and isotopic studies of CM2s, but results of this study nonetheless demonstrate that their Ca-carbonates can provide new and valuable insights into the internal structure and evolution of parent bodies.
